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Silencing suppressionThe P0 protein of poleroviruses and P1 protein of sobemoviruses suppress the plant's RNA silencing machin-
ery. Here we identiﬁed a silencing suppressor protein (SSP), P0PE, in the Enamovirus Pea enation mosaic virus-
1 (PEMV-1) and showed that it and the P0s of poleroviruses Potato leaf roll virus and Cereal yellow dwarf virus
have strong local and systemic SSP activity, while the P1 of Sobemovirus Southern bean mosaic virus supresses
systemic silencing. The nuclear localized P0PE has no discernable sequence conservation with known SSPs,
but proved to be a strong suppressor of local silencing and a moderate suppressor of systemic silencing.
Like the P0s from poleroviruses, P0PE destabilizes AGO1 and this action is mediated by an F-box-like domain.
Therefore, despite the lack of any sequence similarity, the poleroviral and enamoviral SSPs have a conserved
mode of action upon the RNA silencing machinery.
© 2012 Elsevier Inc. All rights reserved.Introduction
Members of the plant viral family Luteoviridae (luteovirids) are di-
vided into three genera: Luteovirus, Polerovirus and Enamovirus. They
are single-stranded RNA viruses which are transmitted by aphids in a
persistent, circulative and non-propagative manner. Poleroviruses
and luteoviruses are usually restricted to the phloem-associated
cells in their host's vascular system. Pea enation mosaic virus-1
(PEMV-1) is the sole member of the Enamovirus genus and, while re-
stricted to phloem-based replication on its own, invades and repli-
cates in other cell types when assisted by its umbravirus partner,
PEMV-2.
The ~6 kb luteovirid genomes contain 5–6 major ORFs (Fig. 1) and
there is clear sequence conservation in ORFs 3, 4 and 5 of the family
members. The major capsid protein is encoded by ORF3 (Brault
et al., 2003; Lee et al., 2005) and ORF4, which is absent in PEMV-1,
encodes a cell-to-cell movement protein (Schmitz et al., 1997). A pro-
tein generated by translational readthrough from ORF 3 into ORF 5 is2006, Australia. Fax: +61 2
.M. Waterhouse).
02, Brazil.
rights reserved.required for efﬁcient aphid transmission (Brault et al., 2005). There is
more sequence variability among the Luteoviridae members in the 5′
portion of the genome (ORFs 0, 1 and 2), than in the 3′ portion.
Plants defend themselves against viruses by a directed RNA degra-
dation mechanism, often termed RNA silencing (Llave, 2010). To sur-
vive against this mechanism, viruses have evolved a diverse range of
silencing suppressor proteins (SSPs). Some SSPs counter the opera-
tion of the silencing machinery within the cell in which the virus is
replicating (local suppression), while others repress the spread of a
silencing signal to distal tissues (systemic silencing suppression)
(Burgyan and Havelda, 2011). Some SSPs bind to the small RNAs
(sRNAs) that direct the silencing machinery (e.g. Tombusvirus P19)
(Lakatos et al., 2006), while others affect speciﬁc protein components
of the RNA silencing pathway, like ARGONAUTE1 (AGO1) (targeted
by CMV 2b) (Zhang et al., 2006), DCL4 (targeted by TCV P38)
(Deleris et al., 2006) and DRB4 (targeted by CaMV P6) (Haas et al.,
2008). Different to luteovirids, most plant viruses are not restricted
to any particular cell type or tissue, and appear to be the target of
RNA silencing in most cells.
Here we examined the SSP activity of P0 from the poleroviruses
Potato leafroll virus (PLRV) and Cereal yellow dwarf virus (CYDV), as
well as P1 from the Sobemovirus Southern bean mosaic virus (SBMV),
and searched for SSP activity in the Enamovirus PEMV-1. The P1 pro-

















































Fig. 1. Genome organizations of the three genera of the Luteoviridae and of the sobemo-
viruses. The conventional numbering of Luteoviridae and Sobemovirus ORFs is indicated
within the rectangles. A yellow box is used to highlight that the polymerase-associated
ORFs 1 and 2 of the Luteovirus genus, which have no detectable sequence similarity
with those of the Polerovirus, Enamovirus and Sobemovirus genera, nor an ORF up-
stream of these polymerase-associated genes. Green shading highlights the ‘Luteoviri-
dae block’ of coat and read-through proteins, which confer the aphid transmission
characteristics of the Luteoviridae.
179A.F. Fusaro et al. / Virology 426 (2012) 178–187but weak suppression of local silencing. We found that, in contrast to
European isolates, the P0s from Australian isolates of PLRV and CYDV
are both strong locally-acting SSPs and inhibitors of systemic silenc-
ing. The protein encoded by the ﬁrst ORF of PEMV-1 was also found
to be a strong locally-acting SSP and a moderate suppressor of sys-
temic silencing. The PEMV-1 SSP, like poleroviral P0s, requires a func-
tional F-box-like domain for its action and targets AGO1 for
degradation.Results
The 5′ proximal ORFs of PEMV-1, PLRV and CYDV encode strong SSPs
The evolutionary path that generated members of the family
Luteoviridae has been suggested to include recombination with
ancient relatives of sobemoviruses and tombusviruses (Miller et al.,
2002). The polymerases of viruses belonging to the Polerovirus and
Enamovirus genera have a clear relationship with the polymerases
from sobemoviruses, while ORF1 and ORF2 of members of the Luteo-
virus genus are closely related to polymerases of tombusviruses
(Miller et al., 2002). Unlike poleroviruses and PEMV-1, luteoviruses
lack an ORF upstream of their polymerase genes (Fig. 1). The ﬁrst
ORF in PEMV-1 is in a genomic location similar to the poleroviral
ORF0 and sobemoviral ORF1 (Domier, 2011). and the protein it
encodes has been called P0 by some (de Zoeten and Skaf, 2001) and
P1 by others (Demler and de Zoeten, 1991; Vemulapati et al., 2010).
We refer to the protein as P0PE in accordance with the ICTV report
(Domier, 2011).
The poleroviral P0 is an SSP which targets AGO1, the main AGO
protein involved in antiviral defense (Morel et al., 2002; Qu et al.,
2008; Wang et al., 2011; Zhang et al., 2006), for ubiquitination and
possibly degradation via the proteasome (Baumberger et al., 2007;
Bortolamiol et al., 2007; Csorba et al., 2010; Pazhouhandeh et al.,
2006). The sobemoviral P1 is an SSP which restricts the long distance
spread of the RNA silencing signal through a largely unknown mech-
anism (Sarmiento et al., 2007; Voinnet et al., 1999). However, when
the amino acid sequence of P0PE is compared to those of known
SSPs like the sobemoviral P1s, the poleroviral P0s, as well as P19,P38, 2b or HCPro (Brigneti et al., 1998), no obvious SSP ortholog can
be found (data not shown).
In an attempt to identify potential SSP candidates in PEMV-1, con-
structs containing the ﬁrst ORF of PEMV-1 and others of known or in-
ferred SSP genes, were examined by transiently co-expressing the
candidate genes with a sense GFP transgene (sGFP) in the Nicotiana
benthamiana line 16c, which already has an integrated GFP transgene
(Haseloff et al., 1997; Ruiz et al., 1998). In this assay, if the candidate
gene has no SSP activity, the agroinﬁltrated sGFP induces RNA silenc-
ing of both itself and the 16c stably-incorporated GFP transgene.
However, when the candidate gene has SSP activity, both the tran-
siently introduced and the stably-incorporated GFP transgenes ex-
press strongly to give bright inﬁltration spots.
Seven days after inﬁltration with the sGFP construct and the
empty vector (pBART), a red patch developed in each of the inﬁl-
trated 16c leaves, indicative of GFP silencing (Fig. 2A, panel i;
Fig. S1). As expected, co-inﬁltration of sGFP with the well-known
SSP, P19 of Tomato bushy stunt virus, elicited strong green ﬂuorescence.
Inﬁltration with the sobemoviral SSP (P1RY) from Rice yellow mottle
virus (RYMV) and the inferred SSP (P1SB) from SBMV gave little local
suppression activity at 5 days post inﬁltration (dpi) (Fig. S1) which
was no longer detected at 7 dpi (Fig. 2A; Fig. S1). A similar result has
been reported for P1RY as well as for the sobemoviral P1CF of Cocksfoot
mottle virus (Sarmiento et al., 2007). The SSP (P0PL) and inferred SSP
(P0CY) from the poleroviruses PLRV and CYDV, respectively, produced
GFP ﬂuorescence similar to that induced by P19 (Fig. 2A; Fig. S1). In
this assay, the P0 protein of the Enamovirus PEMV-1 elicited strong
GFP expression demonstrating that P0PE encodes a strong, locally act-
ing, SSP like many of the poleroviral P0s and in contrast to known
sobemoviral P1s (Fig. 2A; Fig. S1). Similar suppression activities to
those seen in the 16c assay were observed when these known and in-
ferred SSPs were tested using a system (Fig. S1) where candidate SSPs
were co-expressed in wild-type N. benthamiana plants with Potato
virus X (PVX) containing the GFP gene in its genome (PVX-GFP)
(Baulcombe et al., 1995). In this assay, PVX-GFP replicates as a normal
virus upon agroinﬁltration, and increased ﬂuorescence in inﬁltrated
areas reﬂects increased viral RNA levels due to the suppression activity
by the candidate SSP against the RNA silencing machinery. To our
knowledge, this is the ﬁrst demonstration that P0PE and P0CY have
locally-acting SSP activity.
The P0CY protein triggered local cell death that became obvious
about 7 dpi and rapidly developed into severe necrosis by 10 dpi
(Fig. 2A, panels x, xi, xii; Fig. S2). P0PL also triggered necrosis that
started to develop around 14 dpi and increased in intensity with
time (Fig. 2A, panel ix; Fig. S2). A similar phenotype has also been
reported for poleroviral P0 proteins of Sugarcane yellow leaf virus
(SCYLV P0SY) and Beet western yellows virus (BWYV P0BW)
(Mangwende et al., 2009).Enamovirus and Polerovirus P0s delay, but do not block, the short-
distance movement of the silencing signal
Locally-induced RNA silencing is able to spread to adjacent cells
through the cell-to-cell movement of siRNAs (Dunoyer et al., 2005,
2007, 2010b; Smith et al., 2007). In 16c plants, the spread of local
silencing can be observed under UV as a red halo that extends
around the inﬁltration patch and which reﬂects silencing of the en-
dogenous GFP transcript in these neighboring cells. In order to com-
pare the effect of P0s and P1s on the local spread of GFP silencing,
halo formation was monitored in 16c leaves co-inﬁltrated with
sGFP and the SSPs analyzed (Fig. 2A). At 7 dpi, plants inﬁltrated
with sGPF and the empty vector showed a clear red halo around
the inﬁltration patch, which intensiﬁed over time. This indicated
that the silencing signal was moving to adjacent cells. Consistent
with previous reports (Silhavy et al., 2002), the expression of P19
Fig. 2. Silencing suppression activities of P0PE, Polerovirus P0s and Sobemovirus P1 proteins on local and systemic silencing. (A) Local leaves of N. benthamiana 16c plants (expressing
an integrated GFP transgene) were agro-inﬁltrated with a sense GFP inducer (sGFP) plus either P0PL (panels vii, viii and ix), P0CY (panels x, xi and xii), P0PE (panels xiii, xiv and xv)
or P1RY (panels xvi, xvii and xviii) transgenes. The empty vector pBART (vector, panels i, ii and iii) and P19 (panels iv, v and vi) were used as negative and positive controls, respec-
tively. Plants were scored for GFP silencing and red halo formation 7, 10 and 14 days post-inﬁltration (dpi) under UV light. All transgenes were under the control of CaMV 35S pro-
moter. (B) Systemic spread of silencing to distal leaves of inﬁltrated plants described in (A) is observed as vein proximal GFP silencing. The number of plants that showed systemic
silencing out of the total number of plants tested, at 14 dpi, is indicated in each picture.
180 A.F. Fusaro et al. / Virology 426 (2012) 178–187blocked the spread of the silencing signal, thus, no red halo was ob-
served around patches inﬁltrated with P19 at each time point
(Fig. 2A, panels iv, v, vi). Although weaker than in control leaves,
a readily observable halo could be seen at 7 dpi around the leaf
patches co-inﬁltrated with P1RY and P1SB, and this intensiﬁed by
10 dpi (Fig. 2A, panels xvi, xvii, xviii; Fig. S3). A similar result has
been reported for P1RY and P1CF (Sarmiento et al., 2007). This indi-
cates that the weak local silencing suppression activity observed for
these sobemoviral P1 proteins causes a subtle delay in the cell-to-
cell movement of siRNAs. In contrast, leaves where P0PE, P0PL or
P0CY had been co-inﬁltrated with the sGFP transgene showed a
clear absence of a red halo at 7 dpi, suggesting a stronger interfer-
ence in the spread of local silencing to adjacent cells. However, a
very weak red halo could be observed at 10 dpi, which intensiﬁed
slightly by 14 dpi (Fig. 2A, panels vii to xv). Taken together, theseobservations strongly indicate that the enamoviral and poleroviral
P0s delay, but do not completely block, the short-distance cell-to-
cell movement of siRNAs as has been observed for siRNA-binding
suppressors such as P19.
Enamovirus and Polerovirus P0s suppress systemic silencing
Another feature of the silencing signal in plants is its ability to
move systemically to other tissues (Dunoyer et al., 2010b; Molnar
et al., 2010) and, in 16c plants, this is characterized by the vein-
proximal silencing of GFP in newly emerging leaves. Inﬁltrated plants
were therefore monitored under UV light for the initiation of sys-
temic silencing in upper leaves. At 14 dpi, 70% of plants agro-
inﬁltrated with sGFP and the empty vector showed obvious silencing
in systemic leaves (Fig. 2B), whereas P19 inhibited the systemic
Fig. 3. Mutation of the F-box-like motif in the Enamovirus P0 inhibits suppression of
RNA silencing. (A) Alignment of the conserved region of the F-box-like motif of
P0BW, P0PL, P0PE and P1SB. Conserved residues are highlighted as bold uppercase letters.
The amino acid changes (all alanine substitutions) made to produce the mutated ver-
sions of the Enamovirus P0 (P0PEΔP, P0PEΔLP and P0PEΔLPP) are represented by under-
lined lowercase letters. (B) Wild type N. benthamiana leaves were co-inﬁltrated with
a mixture of A. tumefaciens cultures containing the genome of the potexvirus Potato
virus X (PVX) fused with the GFP sequence (PVX-GFP) and P0PL, P0PE or P0PE mutant
versions (P0PEΔP, P0PEΔLP and P0PEΔLPP). The empty vector and P19 were used as nega-
tive and positive controls, respectively. Pictures were taken at 5 dpi under UV light. (C)
Northern blot analysis of total RNA extracted from inﬁltrated leaves at 5 dpi. A GFP
riboprobe was used to detect the levels of viral GFP-encoding RNA. The detected
bands correspond to PVX-GFP genomic (gRNA) and subgenomic (sgRNA) RNAs. The
lower panel shows rRNA used as loading control.
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with a previous ﬁnding (Sarmiento et al., 2007), P1RY and P1SB efﬁ-
ciently suppressed silencing in emerging leaves, with only a few red
veins appearing in 20% and 40% of systemic leaves, respectively
(Fig. 2B; Fig S3). Similar to P19 and P1RY, and as reported for P0SY
(Mangwende et al., 2009), P0PL and P0CY were able to efﬁciently in-
hibit the long-distance movement of the silencing signal, with none
of the plants showing GFP silencing in new leaves at 14 dpi
(Fig. 2B). P0PE showed red veins developing in 20% of plants at
14 dpi, indicating that P0PE is less efﬁcient than P0PL and P0CY in inhi-
biting systemic silencing. Altogether, these results show a con-
served capacity among the enamoviral and poleroviral P0s and the
sobemoviral P1s to interfere with the long-distance spread of the
silencing signal.
The Enamovirus P0PE acts as an F-box-like protein
P0BW and the P0 protein from Cucurbit aphid-borne yellows polero-
virus (CABYV P0CA) act as F-box-like proteins interacting with a com-
ponent of the SCF-like E3 ubiquitin ligase complex to mark proteins
for degradation (Baumberger et al., 2007; Bortolamiol et al., 2007;
Pazhouhandeh et al., 2006). Our experiments showed that P0PE is a
strong locally-acting suppressor. This prompted us to determine
whether it also operates as an F-box-like protein. Although there
was very low amino acid sequence conservation between P0PE and
poleroviral P0s, four landmark amino acids (LPxx(L/I)x10–13P) of a
putative F-box-like motif (Pazhouhandeh et al., 2006; Risseeuw
et al., 2003) could be identiﬁed in P0PE (Fig. 3A). A similar motif
with some degree of conservation to the one identiﬁed in P0BW
(Pazhouhandeh et al., 2006) could also be observed in the sobemo-
viral P1SB (Fig. 3A). Interestingly, P0PL and P1SB each have N at the
L/I position showing the variability allowed in the motif.
To investigate the functionality of the putative F-box-like motif in
P0PE, we systematically altered three of the four conserved residues
and compared the silencing suppression activities of the wild type
and mutant forms of the protein. Leaves of wild type N. benthamiana
were agroinﬁltrated with the binary vector encoding PVX-GFP
(Baulcombe et al., 1995) and constructs expressing the various
forms of P0PE. The replicating PVX-GFP viral RNA is both an initiator
and a target of RNA silencing and provides a means to evaluate the
level of virus accumulation in the presence or absence of a SSP. Plants
monitored under UV light at 5 dpi showed that co-inﬁltration of
PVX-GFP with P19, P0PL or P0PE could efﬁciently increase the accumu-
lation of ﬂuorescence, indicating that they are able to suppress silenc-
ing against the viral RNA (Fig. 3B). The detection by northern blotting
of increased levels of both genomic and sub-genomic RNAs of PVX-
GFP, in leaves co-inﬁltrated with these suppressors, conﬁrmed our
initial visual analyses (Fig. 3C). The single mutation of proline-133
to alanine (P0PEΔP), and the mutation of both leucine-124 and
proline-125 (P0PEΔLP) to alanine in the P0PE F-box-like motif, had no
effect on their SSP activity (Fig. 3B). This contrasts with previous ob-
servations for P0BW, where substitution of the conserved LP residues
inhibited the suppressor activity (Pazhouhandeh et al., 2006). How-
ever, when a triple amino acid substitution was made in P0PE by
changing leucine-124, proline-125 and proline-133 to alanine resi-
dues, the resulting protein (P0PEΔLPP) was unable to suppress silenc-
ing against the viral RNA (Fig. 3B). This suggests that a functional
F-box-like domain is important for the protein's ability to function
as a SSP, but the LP motif per se is not essential for its activity.
To conﬁrm these ﬁndings, we analyzed the effect of the mutant
P0PEΔLPP on local and systemic silencing by using the 16c plant line
(Fig. 4). At 7 dpi, the inﬁltrated areas of empty vector control leaves
appeared as a red patch indicating GFP silencing, and a dark red
halo around these areas. The development and spread of GFP silenc-
ing in P0PEΔLPP leaves was similar to that with empty vector (Fig. 4).
As expected, bright ﬂuorescence with no obvious red halo could beobserved in leaves inﬁltrated with P19 and P0PE due to silencing sup-
pression (Figs. 4B–C). When analyzing the systemic spread of the si-
lencing signal, 83% of P0PEΔLPP plants compared to 100% of control
empty vector plants showed systemic silencing of GFP by 10 dpi,
while only 33% of plants inﬁltrated with P19 or P0PE presented GFP
silencing in the upper leaves at the same time point (Figs. 4A–D).
In addition, the systemic silencing observed for P19 and P0PE plants
remained weak and restricted to the main veins of a few distal
leaves throughout the observation period (7–33 dpi), while control
empty vector and P0PEΔLPP plants showed widespread silencing, initi-
ating in the vasculature and spreading into the mesophyll of most
systemic leaves (data not shown). These results conﬁrm the impor-
tance of the F-box-like motif for SSP activity of P0PE on local and sys-
temic silencing.
Fig. 4. Silencing suppression activity of P0PE and P0PEΔLPP proteins on local and systemic
RNA silencing. Transgenic GFP-expressing N. benthamiana 16c plants were inﬁltrated
with a mixture of A. tumefaciens cultures harboring a sense GFP inducer plus: (A)
Empty vector as negative control; (B) P19 as positive control; (C) P0PE; (D) P0PEΔLPP.
The proportion of observed systemic silenced plants at 10 dpi is indicated in each pic-
ture. Pictures of whole plants showing systemic silencing were taken at 10 dpi under
UV light. The insets show local agro-inﬁltrated leaves photographed at 7 dpi.
Fig. 5. P0PL and P0PE affect siRNA accumulation triggered by hairpin RNAs. Wild type N.
benthamiana plants were co-inﬁltrated with sense GFP and hpGF plus one of the fol-
lowing: empty vector, P19 (as positive control), P0PL, P0PE and its mutant form, and
P1RY. As an additional control, plants were inﬁltrated with sense GFP plus empty vector
in the absence of hpGF (lane 1). Pictures were taken under UV light at 5 dpi. Total RNAs
(20 μg) were blotted and probed for the presence of GFP (top band of ~0.75 kb) or P0PE
mRNAs. rRNA was used as loading control for high-molecular-weight RNAs. Protein ex-
tracts from plants agroinﬁltrated with constructs designed to express P0PE and P0PEΔLPP
were probed with α-HA antibody followed by α-mouse goat HRP secondary antibody.
The cross-reacting band detected with anti-HA antibodies was used as a loading
control. Total RNA (40 μg) from the agro-inﬁltrated tissues was also blotted and probed
for the presence of GF siRNAs (GF probe) or secondary P siRNAs (P probe). U6 was used
as a loading control for low-molecular- weight RNAs. RNA size markers are indicated.
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During RNA silencing in plants, primary siRNAs, generated from
dsRNA by the action of DICERS, are incorporated into AGO1, which,
together with RNA-dependent RNA polymerase 6 (RDR6), mediate
the ampliﬁcation of the silencing signal via the production of second-
ary siRNAs (Chen et al., 2010; Cuperus et al., 2010). In order to check
if the Enamovirus P0PE and its mutant form P0PEΔLPP are able to block
any of these steps, we analyzed their effect on the production of pri-
mary and secondary siRNAs triggered by dsRNA generated from a
35S-driven GFP hairpin construct (hpGF) containing only part of the
GFP sequence. The suppressor activities of P0PE and P0PEΔLPP were
compared to P0PL, P1RY and P19 by co-inﬁltration experiments with
sGFP plus hpGF into wild type N. benthamiana leaves. Effective silenc-
ing against sGFP at 5 dpi, induced by double-stranded GF (dsGF), was
conﬁrmed by the lower levels of GFP ﬂuorescence and GFP mRNA in
control leaves co-inﬁltrated with sGFP and empty vector plus hpGF
(Fig. 5, compare lanes 1 and 2). Based on the increase of GFP ﬂuores-
cence and GFP mRNA levels, P0PL, P0PE and positive control P19 were
all able to suppress silencing against sGFP mRNA when compared to
the empty vector control (Fig. 5, lanes 2–5). In contrast, the mutant
form P0PEΔLPP showed a complete absence of suppression activity
(Fig. 5, lane 6). To conﬁrm that this effect was not due to a lack of
expression of the mutant transgene, mRNA and protein accumulation
of HA-tagged P0PE and P0PEΔLPP were detected by northern blot usinga P0PE probe and western blot using HA-antibody, respectively (Fig. 5,
P0PE/P0PEΔLPP mRNA and P0PE/P0PEΔLPP-HA, lanes 5 and 6). Lower
mRNA and protein levels were observed for P0PEΔLPP which probably
reﬂects the susceptibility of its homologous mRNA to silencing due to
a loss of suppression activity of the mutant protein. P1RY induced no
signiﬁcant changes on GFP ﬂuorescence and mRNA levels (Fig. 5,
lane 7), conﬁrming its very mild effect on local silencing. While pri-
mary and secondary siRNAs were detected at very low levels by a
“GF” probe, comprising the 5′ half of the GFP sequence, in control
leaves co-inﬁltrated with empty vector only (Fig. 5, GF siRNAs, lane
1; the signal becomes more apparent with longer exposure), they
became highly abundant by the addition of hpGF (lane 2). However,
leaves inﬁltrated with P0PL and P0PE showed lower accumulation
of 21–24 nt GF siRNAs when compared to the empty vector and P19
(Fig. 5, lanes 2–5). This effect was absent in leaves inﬁltrated with
the mutant P0PEΔLPP, suggesting that P0PE might impair the produc-
tion of primary siRNAs through its F-box-like domain. As previously
observed (Sarmiento et al., 2007), P1RY abolished the accumulation
of 24-nt siRNAs at 5 dpi, and this was coupled with a reduction in
the levels of 21-nt siRNAs (Fig. 5, GF siRNAs, lane 7).
To analyze the effect of the SSPs on the accumulation of secondary
siRNAs, we used a “P” probe located outside of the GF region. There-
fore all siRNAs detected from the “P” region of the GFP sequence de-
rive from the RDR6-directed ampliﬁcation process. Leaves inﬁltrated
with P19 showed a clear reduction in the accumulation of secondary
siRNAs compared to control empty vector (Fig. 5, P siRNAs, compare
lanes 2 and 3). This effect was even stronger in leaves inﬁltrated
with P0PL and P0PE (Fig. 5, lanes 4–5), conﬁrming previous reports
(Baumberger et al., 2007; Bortolamiol et al., 2007) which show that
poleroviral P0s inhibit the production of all size classes of secondary
Fig. 7. Ectopic expression of P0PL and P0PE in Arabidopsis transgenic plants. (A) Wild
type Arabidopsis seedling (ecotype Columbia). (B) Arabidopsis ago1 null mutant. (C)
and (D) Arabidopsis transgenic plants expressing P0PL (C) and P0PE (D) under the 35S
promoter. Phenotypes of P0PL- and P0PE-expressing transgenic lines are distinct to
those in ago1 mutants. (E) Adaxial side of wild type Arabidopsis leaf observed under
scanning electron microscopy. (F) Enation from a P0PE transgenic plant observed
under scanning electron microscopy. Pictures were taken 4 weeks after germination.
183A.F. Fusaro et al. / Virology 426 (2012) 178–187siRNAs. In contrast, accumulation of secondary siRNAs was almost
completely restored in leaves inﬁltrated with P0PEΔLPP (Fig. 5, lane
6), suggesting that the F-box-like domain mediates the inhibiting
effect of P0PE on the silencing ampliﬁcation process. Similar to what
was observed for GF siRNAs, P1RY also affected the production of
24-nt P-speciﬁc siRNAs (Fig. 5, lane 7).
Enamovirus P0PE mediates AGO1 destabilization
Previous studies suggest that the inhibitory effect of poleroviral
P0s on the production of secondary siRNAs is mediated by destabili-
zation of AGO1 (Baumberger et al., 2007; Bortolamiol et al., 2007).
In order to test if the Enamovirus P0PE can also induce AGO1 decay,
a FLAG-tagged version of AGO1 was agroinﬁltrated into N. benthami-
ana leaves in the presence or absence of different HA-tagged P0s.
Co-expression of the Polerovirus P0PL or Enamovirus P0PE induced a
strong reduction on the levels of AGO1-FLAG (Fig. 6A, compare
lanes 2–3 to lane 1). However, no effect on AGO1-FLAG accumulation
was observed when the silencing defective mutant P0PEΔLPP was used,
even though the mutant protein accumulated to normal levels due to
the presence of P19 to avoid silencing of the exogenous transcripts
during the transient assay (Fig. 6A, lane 4). This suggests that P0PE
might affect the RNA silencing ampliﬁcation process by triggering
the destabilization of AGO1 through the interaction with a SCF-type
E3 ubiquitin ligase complex.
In order to determine the subcellular compartment in which P0PE
might be exerting its role, we bombarded onion cells with DNA
encoding GFP-tagged versions of P0PL and P0PE. Onion cells bom-
barded with control plasmid encoding unmodiﬁed GFP showed ﬂuo-
rescence in both the cytoplasm and nucleus (Fig. 6B, panel i).
However, when the GFP-tagged P0PL or P0PE constructs were used,
GFP accumulation was mainly nuclear (Fig. 6B, panels ii, iii), indicat-
ing that this is the likely compartment for their action.
Polerovirus P0PL and Enamovirus P0PE induce different developmental
defects in Arabidopsis
If P0PE targets only AGO1 for degradation, plants over-expressing
this suppressor should have a phenotype similar to ago1 mutant
plants. We therefore generated A. thaliana plants expressing P0PL
and P0PE under control of the strong constitutive CaMV 35S promoter.
Most primary transformants were unable to proceed beyondFig. 6. Enamovirus P0PE targets AGO1 for degradation and localizes in the nucleus. (A) AGO1-FLAG was expressed in N. benthamiana leaves either in the presence or absence of HA-
tagged P0PL, P0PE or P0PEΔLPP proteins. Western blots of total protein extracts were probed with anti-FLAG or anti-HA antibodies, as indicated. Tagged proteins are indicated by black
arrows. A crossreacting band detected in all lanes with anti-FLAG antibody (upper panel) was used as a loading control. Co-inﬁltrations were performed in the presence of P19. (B)
Onion cells were bombarded with gold particles attached to plasmids expressing (i) free GFP; (ii) GFP-tagged P0PL; or (iii) GFP-tagged P0PE. Pictures were taken 1 day post-
bombardment.
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35S-P0PE expressing lines had obvious developmental defects includ-
ing altered leaf morphology, such as serration of the margins, upward
curling and crumpling, and reduced fertility (Figs. 7C–D). There were
clear differences between the P0PL- and P0PE-expressing plants. 35S-
P0PE plants were generally much smaller than the P0PL lines and fre-
quently produced outgrowths or enations on the leaves (Figs. 7D, F),
which is the classic symptom of pea plants infected with PEMV-1.
This suggests that the enation symptom in PEMV-infected plants is
caused by P0PE. The P0PL- and P0PE-induced phenotypes appear to
be distinct from those in ago1 mutants in Arabidopsis (Fig. 7, com-
pare B with C and D), which raises the possibility that other proteins,
most likely different members of the AGO family, are also targeted by
these SSPs.
Discussion
It has been hypothesized that the members of the family Luteo-
viridae evolved from a unique phloem-restricted group of viruses
that recombined with a member of the family Tombusviridae, giving
rise to the genus Luteovirus and with a Sobemovirus, giving rise to
the Polerovirus genus (Smith and Barker, 1999). It has also been sug-
gested that a member of the Polerovirus genus lost its ORF4, giving
rise to the Enamovirus genus, and initiated a mandatory symbiosis
with umbraviruses, allowing it to relieve phloem restriction. Genome
organization, sequence identities among family members and the fact
that the 5′ proximal ORF of some poleroviruses (P0) and sobemo-
viruses (P1) have been reported to encode silencing suppression pro-
teins (SSPs) despite their lack of sequence conservation, supports this
evolutionary scenario (Fig. 1).
In this work, we have explored the existence and the mechanism
of action of a silencing suppressor protein in the Enamovirus genus
and compared its activity to the activities of known and putative si-
lencing suppressor proteins encoded by related viruses from Polero-
virus and Sobemovirus genera. We have demonstrated that the
protein from the ﬁrst ORF of PEMV-1 (P0PE), despite differing in size
and amino-acid sequence with the P0s of sequenced poleroviruses,
also suppresses RNA silencing by destabilizing AGO1 (Figs. 2 and 6).
Its action is most likely mediated through an F-box-like domain, be-
cause a triple amino acid mutation in this region of P0PE abolished
the silencing suppression activity of the protein (Fig. 3). Like polero-
viral P0s, P0PE is located in the nucleus (Fig. 6B). Given that previous
ﬁndings have shown that Polerovirus P0CA interacts with ASK1 and its
paralogue ASK2 (Pazhouhandeh et al., 2006), as well as AGO1
(Bortolamiol et al., 2007), in the nucleus, this would be the likely
compartment for P0PE action. These characteristics suggest that
P0PE binds AGO1 and recruits ubiquitinating SCF complexes through
interaction with ASK1 and/or ASK2, thereby labeling AGO1 for deg-
radation by the 26S proteasome. However, P0BW is reported to cause
the degradation of AGO1 by a proteasome-independent mechanism
(Baumberger et al., 2007), so the exact process of degradation re-
mains elusive. Nevertheless, ubiquitination seems to play an impor-
tant role in this process because the expression of P0BW greatly
increases the accumulation of polyubiquitinated proteins (Csorba
et al., 2010).
We have demonstrated that the P0PE is a strong suppressor of local
post-transcriptional gene silencing (PTGS) induced by a GFP trans-
gene or a replicating virus (PVX-GFP). Suppression activity by P0PE
was comparable to the strong P19 suppressor protein of the tombus-
viral Tomato bushy stunt virus, as well as to the poleroviral P0PL and
P0CY (Fig. 2A; Fig. S1). The sobemoviral P1RY and P1SB were also
able to suppress locally-induced silencing, but much less efﬁciently
than the P0s (Fig. 2A; Fig. S1), conﬁrming previous reports which de-
scribe P1RY as a weak suppressor of local silencing (Sarmiento et al.,
2007). To our knowledge, this is the ﬁrst time that P0PE, P0CY and
P1SB are shown to have silencing suppression activity. Contrary toour results, the P0PL from an European isolate of PLRV has been
reported as a weak suppressor of local PTGS (Pfeffer et al., 2002),
and the P0CY from CYDV-RPV showed no suppression activity when
tested on an assay based on viral multiplication complementation
(Guilley et al., 2009). One possible explanation could be the use of
distinct virus isolates, since we have used Australian isolates of
those viruses in our study. Similar results have been observed for P1
proteins derived from different isolates of RYMV (Sire et al., 2008)
and for P0 proteins from different poleroviral Beet mild yellowing
virus isolates (Kozlowska-Makulska et al., 2010).
Similar to situations involving poleroviral P0s (Baumberger et al.,
2007; Bortolamiol et al., 2007; Mangwende et al., 2009), the RDR6-
dependent accumulation of secondary siRNAs during dsGF-PTGS
against a sGFP transcript was almost completely abolished in the
presence of the Enamovirus P0PE (Fig. 5, P siRNAs, lane 5). A similar ef-
fect was also observed for its poleroviral counterpart P0PL and, as
expected, for P19 (Fig. 5, P siRNAs, lanes 3–4). AGO1-mediated cleav-
age of template RNA probably recruits RDR6 to generate secondary,
silencing signal siRNAs (Axtell et al., 2006; Beclin et al., 2002;
Voinnet, 2008). The inhibitory effect by P0PE, which was dependent
on its F-box-like motif (Fig. 5, P siRNAs, lanes 5–6) and by P0PL, can
be explained by the lack of AGO1 activity in the inﬁltrated patches.
Both P0PE and P0PL also promoted a reduction in the levels of siRNAs
detected with a GF probe and this effect was also dependent on the
F-box-like motif of P0PE (Fig. 5, GF siRNAs, lanes 4–7). The GF siRNAs
are a mixture of primary siRNAs, derived from the processing of hpGF,
as well as secondary siRNAs. The reduction of siRNA levels from the
GF region might reﬂect the impaired production of secondary siRNAs
in the presence of P0, since a similar effect is observed in some hypo-
morphic ago1 mutants as well as rdr6 mutant plants during ds-PTGS
(Dunoyer et al., 2010b; Moissiard et al., 2007). Alternatively, it
could just reﬂect the instability of AGO1-unbound primary siRNAs,
since they are not able to be transferred to RISC in the presence of
P0 (Csorba et al., 2010).
SiRNAs, most likely in their duplex form, function as mobile silenc-
ing signals, spreading from cell-to-cell in a short-range movement
spanning 10–15 cells, as well as traveling long distances through
the phloem to mediate systemic silencing (Dunoyer et al., 2010a,b;
Himber et al., 2003). In our study, all tested P0s and P1s were able
to delay the cell-to-cell movement of the silencing signal during
sense-PTGS, but, differently to P19 (Silhavy et al., 2002), they could
not block it, as scored by red halo formation around the inﬁltration
patches in N. benthamiana 16c plants (Figs. 2A; 4; Fig. S1). In the
case of P0PE, this was dependent on its F-box-like motif, since expres-
sion of P0PEΔLPP did not delay GFP-silencing movement from incipient
to recipient cells adjacent to the inﬁltrated patches (Fig. 4). Our
results support previous ﬁndings that AGO1 is necessary for the
production of siRNAs that accumulate during sense-PTGS (Fagard
et al., 2000; Voinnet, 2008). Secondary siRNAs comprise the main
bulk of siRNAs generated during this process, making them almost
completely absent when P0 is co-expressed in the inﬁltrated patches
(Mangwende et al., 2009; Pazhouhandeh et al., 2006; Pfeffer et al.,
2002), due to AGO1 destabilization. This would drastically reduce
the amount of siRNAs available to move from cell-to-cell and long
distances, which would explain the delay in red halo formation
(Fig. 2A) and the impaired systemic spread of GFP silencing
(Fig. 2B) in the presence of P0PE, P0PL and P0CY. The requirement of
AGO1 for the short- and long-distance movement of the silencing sig-
nal (Dunoyer et al., 2005; Himber et al., 2003; Schwach et al., 2005)
supports this scenario.
Both Enamovirus P0PE and Polerovirus P0PL produced strong phe-
notypes when expressed in A. thaliana, indicating that they are in-
terfering with basic developmental processes (Fig. 7; Fig. S4). Ago1
null mutants show severe developmental abnormalities and it is be-
lieved that these phenotypes could be explained by disruption of
miRNA-mediated gene regulation of key developmental genes
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NAs (tasiRNAs) (Vaucheret et al., 2004; Vazquez et al., 2004). How-
ever, when compared side-by-side, the phenotypes observed for
plants expressing P0PE or P0PL were very different from each other
and were also different to ago1 mutant plants (Fig. 7; Fig. S4), sug-
gesting that P0PE or P0PL might also target other proteins for degra-
dation. Some possible candidates include other AGO proteins,
which show destabilization by poleroviral P0BW in transient assays
(Baumberger et al., 2007). This would be advantageous at least in
the case of AGO2, which seems to be the only other plant AGO in-
volved in viral defense, with a complementary, although minor,
role to AGO1 (Wang et al., 2011).
Although both P0s and P1s strongly suppress systemic silencing
(Fig. 2B; Fig. S3), the very weak suppression of local silencing by
the sobemoviral P1RY and P1SB compared to the poleroviral and
enamoviral P0s (Fig. 2A; Fig. S1) suggests that poleroviruses and
the enamovirus may have evolved a distinct silencing suppression
strategy to their sobemoviral ancestor. The presence of a motif in
P1SB, resembling the F-box-like motif of P0BW, raises the possibility
of some similarities of action between P0s and P1s, but further ex-
periments are required to conﬁrm this. Since suppressor proteins
usually interfere with endogenous silencing pathways and since
sobemoviruses are able to infect different types of tissues, this
group might be under a strong selection against evolving potent
local silencing suppressors. The Enamovirus PEMV-1 is able to over-
come phloem-restriction in the presence of an umbravirus and its
SSP would, most likely, cause undesirable strong effects in its host.
This problem, however, could be alleviated by low expression of
P0PE during viral infection. Accordingly, the P0PE ORF has a poor ini-
tiation context, TTTATGC (A and G at position −3 and +4, respec-
tively, are required for good initiation of translation), which is also
observed for the initiation codon of ORF0 in poleroviruses (Pfeffer
et al., 2002). Indeed, Pfeffer et al. found that P0BW is expressed at
undetectably low levels in infected tissues when its gene is in the
native viral context. This suggests that PEMV-1 produces low
amounts of its intrinsically active SSP, which probably would help
to restrain the impact of the virus on its host.
Materials and methods
DNA constructs
Constructs pBin-35S-mGFP5 (Haseloff et al., 1997), pJL3:P19
(Lindbo, 2007) and 35S:hpGF (Schwach et al., 2005) were de-
scribed previously. To have the PVX-GFP infectious clone in a binary
vector for Agrobacterium-mediated transformation, the CaMV 35S
expression cassette containing the PVX-GFP sequence in pPVX204
(Baulcombe et al., 1995) was transferred to the pART27 binary vector
(Gleave, 1992).
The cDNA of ORF 0 of PLRV (Australian isolate, GenBank accession
number D13953.1) was PCR ampliﬁed from potato-infected plants,
cloned into pENTRY-D-TOPO (Invitrogen) and transferred via LR re-
combination into the CaMV 35S expression cassette in pBART gate-
way binary vector (Gleave, 1992). The ORF0 of PEMV-1 (GenBank,
L04573.1), ORF0 of CYDV-RPV (isolate 005RPV, GenBank, EF521827.
1), ORF1 of RYMV (Nigerian isolate, GenBank, U23142.1) and ORF1
of SBMV (strain B(ARK), GenBank, AF055887.1) were synthesized
and cloned into a pUC plasmid by GENEART (www.geneart.com).
Each ORF was sub-cloned into the pART7 vector (Gleave, 1992) to
generate a CaMV 35S expression cassette, which was then transferred
as a NotI fragment to the pBART binary vector in the case of the P0s,
or to the pART27 binary vector (Gleave, 1992) in the case of the P1s.
The 35S:P0PEΔP, 35S:P0PEΔLP, 35S:P0PEΔLPP constructs were generat-
ed by site-directed mutagenesis. For the generation of 35S:P0PEΔP, the
wild-type P0PE cDNA was used as template for PCR ampliﬁcation with
primers (Sup. Table 1) PEP0TPF and PEP0LPR and then with theoverlapping primers PEP0AF and PEP0R. The mixed PCR products
were used as template for ampliﬁcation with primers PEP0TPF and
PEP0R. For the generation of 35S:P0PEΔLP, thewild-type P0PEwas ampli-
ﬁedwith primers PEP0TPF and PEP0AAR and thenwith primers PEP0PF
and PEP0R. The mixed PCR products were used as template for ampliﬁ-
cation with primers PEP0TPF and PEP0R. For the generation of 35S:
P0PEΔLPP, the sequence of wild P0PE was ampliﬁed with primers
PEP0TPF and PEP0AAR and then with primers PEP0AF and PEP0R. The
mixed PCR products were used as template for ampliﬁcation with
primers PEP0TPF and PEP0R. All ﬁnal PCR fragments were cloned into
pENTRY-D-TOPO andmutationswere conﬁrmed by sequencing. Mutat-
ed P0 cDNAs were transferred via LR recombination into the CaMV 35S
expression cassette in pBART gateway binary vector.
The AGO1 gene was PCR ampliﬁed from wild-type Arabidopsis
(Col-0 ecotype) plants, cloned into pENTRY-D-TOPO and transferred
via LR recombination to the gateway version of vector pBART to gen-
erate the 35S:AGO1-FLAG. construct, which contains a 3xFLAG tag at
their C-terminus. The 35S:HA-P0PE and 35S:HA-P0PL constructs
were obtained via LR recombination of pENTRY-D-TOPO vectors con-
taining P0PE and P0PL cDNAs, respectively, into a gateway version of
the pART27 vector for generation of C-terminal 6xHA-tagged fusion
proteins. The 35S:P0PE::GFP, and 35S:P0PL::GFP translational fusion
constructs were created via LR recombination of pENTRY-D-TOPO
vectors, containing cDNAs of different P0s, into the gateway pART-
GFP non-binary vector.
Transient expression assay in N. benthamiana
Transgenic N. benthamiana (line 16c), which is homozygous for
the GFP transgene (Haseloff et al., 1997), and the Agrobacterium in-
ﬁltration method have been described previously (Ruiz et al., 1998).
Transient assays were performed with 4-week-old wild type N.
benthamiana or 3-week-old line 16c plants grown at 22–23 °C. For
co-inﬁltrations, equal volumes of cultures (individually diluted to
OD600=1 before mixing) of Agrobacterium tumefaciens (strain
GV3101) each harboring the relevant binary plasmid, were mixed
prior to inﬁltration. Final dilution of cultures used in co-inﬁltration
assays with GFP or PVX-GFP was 0.5OD, while it was 0.33OD in assays
performed with hpGF+GFP. Each agroinﬁltration experiment was
performed three times. The GFP ﬂuorescence was monitored by epi-
illumination with a hand-held UV source as previously described
(Ruiz et al., 1998). Leaves and whole plants were photographed
under UV using a Canon EOS 550D digital camera.
Protein extraction and western blots
To check AGO1-FLAG destabilization, inﬁltrated leaves of N.
benthamiana, collected at 4 dpi, were ground in liquid nitrogen and
50 mg of powder was mixed with 100 μl of concentrated (2×) SDS
sample buffer. Total extracts were boiled for 5 min and then centri-
fuged for 5 min at 13,000×g before gel loading 10 μl of samples. Pro-
teins were separated on 7% SDS-PAGE and detection of AGO1-FLAG,
P0PL-HA, P0PE-HA and P0PEΔLPP-HA by western blot was carried out
by probing with α-FLAG M2 antibody (1:5000; Sigma) or α-HA anti-
body (1:10,000; Sigma) followed by α-mouse goat HRP secondary
antibody (1:5000; Millipore). Bands were visualized with the ECL+
chemiluminescence reagents (Amersham Bioscience). The cross-
reacting band of ~100 kDa detected with anti-FLAG antibodies was
used as a loading control.
Onion bombardment
Gold particles used for bombarding onion cells (1.04 mg of 5 μm
particles and 1.04 mg of 1.5–3 μm particles for each construct) were
washed twice with 200 μL of ethanol and then with 200 μL of water
in silicone-coated microcentrifuge tubes. In each wash, the particles
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pellet was resuspended in 25 μL of water and then 2.5 μg of DNA plas-
mid, 17 mM spermidine and 1 M calcium chloride were added. The
mixture was centrifuged for 10 s and the sediment was washed
with 100 μL of ethanol and ﬁnally resuspended in 30 μL of ethanol.
The bombardments were carried out at 900 psi using the Biolystic
Gun unit, model PDS-1000 (Biorad). The bombarded onion tissue
was kept in the dark for 24 h and then analyzed under a confocal mi-
croscope Leica SP2.
Plant transformation and selection
Cultures of A. tumefaciens (strain GV3101), harboring the 35S:
P0PL or 35S:P0PE constructs, were used for Arabidopsis (ecotype
Col-0) transformations, which were carried out by the ﬂoral dip
method (Clough and Bent, 1998). Transformed seeds were selected
on MS agar plates supplemented with 5 mg/L phosphinothricin for
3 weeks. Resistant seedlings were transferred to soil and grown
under standard glasshouse conditions (22 °C with 16 h of light and
8 h of dark). The Arabidopsis ago1 null mutant which was used for
comparison with transgenic P0 plants is in the Col-0 ecotype and
was identiﬁed in the Salk T-DNA collection (Salk_116845). The in-
sertion line was propagated and screened for homozygosity by
PCR analysis.
RNA blot analysis
Total RNA was extracted from 4 week-old wild-type Col-0 or
transgenic Arabidopsis plants with TRIzol reagent (Invitrogen), fol-
lowing the manufacturer's instructions, with a RNA precipitation
step of 16 h at −20 °C. The same procedure was used for extraction
of total RNA from the Agro-inﬁltrated leaves of N. benthamiana,
with an additional phenol:chloroform extraction step before RNA
precipitation. For northern blot analysis of high-molecular-weight
RNAs, 20 μg of total RNA was separated on formaldehyde denaturing
1.5% agarose gel electrophoresis. For small RNA analysis, 40-μg sam-
ples of total RNA were separated on 17% polyacrylamide gels. RNAs
were transferred to Hybond N+membrane (Amersham) and, for de-
tection of high-molecular-weight RNAs, blots were hybridized with
32P-UTP-labeled GFP or P0PE riboprobes obtained by in vitro tran-
scription from the respective sequences cloned into pGEM plasmids
(Promega). Small RNAs were detected with GFP riboprobes, hydro-
lysed with alkaline buffer (120 mM Na2CO3, 80 mM NaHCO3)
to an average size of 50 nt by incubation at 60 °C for ~3 h, or with
5′ 32P-labeled DNA oligos, phosphorylated by incubation with poly-
nucleotide kinase (Fermentas) and [γ-32P] ATP, according to manu-
facturer's instructions. Pre-hybridization and hybridization of blots
were performed at 42 °C (or 38 °C for sRNAs) in 125 mM Na2HPO4
(pH 7.2), 250 mM NaCl, 7% SDS and 50% formamide. Membranes
were washed twice with 2× SSC and 0.2% SDS, for 30 min, at 38–
42 °C, and imaged using a Fujiﬁlm FLA-5000 phosphorimager. Syn-
thetic RNA oligonucleotides were used as size markers. GFP probes
were derived either from the 5′ 400 nt (GF probe) or from the 3′
300 nt (P probe) of the mGFP5 sequence (Haseloff et al., 1997).
Supplementary materials related to this article can be found on-
line at doi:10.1016/j.virol.2012.01.026.
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